Nitrogen Oxide biogenic emissions from soils are driven by soil and environmental parameters. The relationship between these parameters and NO fluxes is highly non linear. A new algorithm, based on a neural network calculation, is used to reproduce the NO biogenic emissions in West Africa during the AMMA campaign, in August 2006.
directly influenced by NO emitted from soils, which is quickly oxidised to NO 2 . Changes in NO sources will consequently modify the rate of ozone production. Estimating biogenic emissions of NO, compared to anthropogenic sources, remains uncertain due to the lack of data. Soil emission processes have been studied in temperate and tropical regions, showing that the main controlling factors are surface soil temperature and 5 moisture, associated with nitrogen deposition and nitrogen content in the soil (Ludwig et al., 2001) . Emissions are produced by microbial processes (nitrification/denitrification), and the upscaling of these emissions implies that some simplifications and generalisations are made in the description of the emission processes.
Several modelling approaches have allowed global and regional estimations of NO 10 emissions from soils, leading to various budgets. Potter et al. (1996) proposed a 9.7 TgN/y budget emitted at the global scale, with the CASA (Carnegie-Ames-Stanford) Biosphere model. Yang and Meixner (1997) and Otter et al., (1999) proposed empirical equations based on the response of the emission to surface moisture and temperature at the regional scale. Williams et al. (1992) proposed a regional inventory of biogenic 15 NO emissions in the United States, based on the surface temperature evolution. This algorithm has been improved (taking into account soil moisture and type of biome) and adapted at the global scale by Yienger and Levy (1995) , leading to a global budget of 5.5 TgN/yr. Based on this approach, and on field measurements, Yan et al. (2005) have proposed a different algorithm, including different determining parameters (pH, climate, 20 soil organic carbon content, land cover type, nitrogen input), giving a 4.97 TgN/yr budget at the global scale. The majority of current chemistry transport models use the Yienger and Levy inventory for biogenic NO initialisation.
More recently, biogeochemical models have been elaborated, combining the description of nitrification/denitrification processes with climatic evolution of soil parameters 25 (Butterbach-Bahl et al., 2001; Kiese et al., 2005; Kesik et al., 2005) , but the application of such models remains only possible in regions where detailed field studies have been conducted. Inverse modelling from satellite mapping (Jaeglé et al., 2004) provides emissions from soils at the global scale, but does not give information on the 15157 relationship between emissions and soil parameters. Delon et al. (2007) have proposed an original approach for the estimation of NO emissions from soils, based on a neural network calculation. The main advantage of this equation, compared to regional or global existing inventories, is its immediate response to environmental parameters change.
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The AMMA (African Monsoon Multidisciplinary Analysis) experiment took place in [2005] [2006] and provided a unique dataset over West Africa. AMMA is an international program, with the objective to better understand the African Monsoon mechanisms in terms of dynamics, hydrology, chemistry, and social impacts on local population (Redelsperger et al., 2006; Mari and Prospero, 2005) . The Special Observation Periods 10 of the AMMA field campaign took place during the year 2006, in January during the dry season, in June around the monsoon onset and in July and August during the wet season. In particular, several flights and ground based measurements were dedicated to the study of NO x from soil origin. In this study, we will focus on one particular episode to test the sensitivity of ozone formation to soil NO x emission. The neural net- 15 work approach has been implemented on line in a coupled chemistry-dynamics model, MesoNH-Chemistry. The short term impact of NO emissions on ozone budget is studied in the lower troposphere through sensitivity studies and comparison with airborne observations. 20 
Model description

MesoNH-Chemistry
The model used is MesoNH-Chemistry, jointly developed by Meteo-France (Toulouse, France) and the CNRS. A full description of the model is given on http://mesonh.aero.obs-mip.fr/ (Lafore et al., 1998) . The horizontal grid consists of 100 by 100 points, with a 20 km resolution. 52 levels are used, from the surface to (Bechtold et al., 2001 ). This scheme has been adapted by Mari et al. (2006) in order to quantify the amount of lightning NO x (LiNOx) produced in deep convective clouds. Surface fluxes of energy are provided by the ISBA model (Interactions between   5 Soil Biosphere Atmosphere, Noilhan and Planton, 1989) . Biogenic NO emissions from soils, as derived from the neural network approach (Delon et al., 2007) are fully coupled with the model surface scheme (see Sect. 2.2 for details). Anthropogenic emissions and biogenic emission of isoprene and monoterpenes come from the GEIA database (Global Emissions Inventory Activity, www.geiacenter.org).
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Large-scale dynamic forcing comes from ECMWF (European Centre for Medium range Weather Forecast) every 6 h, and vertical profiles of background atmosphere are used for chemical initialisation. Initial values for ozone increase from 12 to 40 ppb in the boundary layer, between 0 and 1000 m, and decrease from 2 to 0.05 ppt for NO x (supposing that no soil source is present). Those values come from standard con-
15
centrations that can be found in unpolluted air in West Africa. The chemistry scheme includes 37 chemical species Tulet et al., 2000; Suhre et al., 2000) .
Surface parameters used in the emissions calculation
The calculation of NO emissions with the Atificial Neural Network (ANN) algorithm 20 needs some particular description of soil parameters, such as pH and fertilisation rate, not included in the default version of MesoNH-C. The other parameters (surface moisture, surface and deep soil temperature, and wind speed) are provided by the surface scheme ISBA (or by the atmosphere scheme for the wind speed) at each time step of the simulation. Sand percentage 1b is obtained from the ECOCLIMAP 25 data base (Masson et al., 2003) . The pH map is obtained from IGBP-DIS (1998, http://www.sage.wisc.edu/atlas soil database, and is shown in Fig. 1a . The latitudinal variation of pH (low values in the south of the simulation domain) will be a determining 15159 factor for NO emissions. Indeed, Yan et al. (2005) have shown a negative correlation between NO emissions and soil pH in their statistical model, corroborated by Serça et al. (1994) . Quantifying nitrogen fertilization in West Africa is a rather difficult task since mineral fertilizers are poorly used and not documented. The fertilisation rate provided to the 5 model is a constant value in space but not in time, based on organic fertilisation provided by cattle dung. We have estimated the manure input, and assumed assimilation with an exponential decay. This calculation is deduced from Schlecht et al. (1997) . Although rough, this estimation has the advantage of providing an estimation of nitrogen content, as the ANN algorithm needs this information. A detailed map of organic 10 fertilisation based on cattle population would certainly bring an improvement in NO flux estimation. This solution will be investigated in further work.
Artificial Neural Network algorithm
As mentioned above, an Artificial Neural Network algorithm is used in the surface scheme to provide on line biogenic NO emissions. A full description of the algorithm 15 development can be found in Delon et al. (2007) . However, the main information is summarized here.
ANN tools have appeared as alternatives to classical statistical modelling, and are particularly useful for non-linear phenomena. Networks are designed to be able to learn how to represent complex information, and are used to find the best non-linear 20 regression between a number of selected parameters. Namely, an ANN has been used to find the relation between seven parameters or inputs (surface temperature, surface WFPS-Water Filled Pore Space, deep soil temperature (20-30 cm) , pH, sand percentage, fertilisation rate, and wind speed) and the output (NO emission fluxes). In order for different situations to be represented, the neural network needs to be supplied with 25 data issued from diverse types of climates and soils. For this purpose, the databases used in this algorithm contain data from temperate and tropical climates. The resulting equation is given in Eq. (1):
NOflux norm =w 24 + w 25 tanh(S 1 )+w 26 tanh(S 2 ) + w 27 tanh(S 3 )
where NOflux norm is the normalized NO flux, and
where x 1 to x 7 correspond to the seven inputs (surface WFPS, surface soil temper-5 ature, deep soil temperature, fertilisation rate, sand percentage, pH and wind speed respectively). pH values used in Delon et al. (2007) have been updated in the tropical part of the database, implying a whole new set of weights (see Table 1 ).
In the following, in order to test the short term sensitivity of ozone formation to the soil NO x emission, 4 simulations are discussed, and summed up in Table 2: 10 -CTRL run: without soil biogenic NO emissions, without LiNOx.
-YL95 run: with biogenic NO emissions from GEIA database (Yienger and Levy, 1995) , monthly temporal resolution, 1
• /1
• spatial resolution, with LiNOx.
-SOILNOX run: with NO emissions from soils calculated on line with the ANN algorithm, including CRF (Canopy Reduction Factor), without LiNOx
15
-ALLNOX run: with ANN NO emissions from soils and CRF, with LiNOx.
Experimental data: NO x and O concentrations from the UK BAe-146, flight B227
In this study, we will focus on a particular flight during the wet season (flight B227), where chemistry measurements were made. A mesoscale convective system (MCS) (13.5-17.5 • N, 2.3-6.5
• E, between 13:00 and 17:00 UTC).
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Data used in this study concern NO x and O 3 concentrations. NO x measurements were made using the University of East Anglia (UEA) NOxy, which measures NO by chemiluminescence and NO 2 by photolytic conversion of NO 2 to NO. Detection limits of the UEA NOxy are ∼3 pptv for NO and ∼15 pptv for NO 2 with a 10-s integration. Details about this instrument can be found in Brough et al. (2003) .
10
Ozone was measured using a TECO 49 UV photometric instrument. This instrument has been modified with the addition of a drier and separate pressure and temperature sensors. The inlet from the port air sample pipe is pumped via a buffer volume to maintain the inlet air at near surface pressure. All surfaces in contact with the sample including the pump are of Polytetrafluoroethylene (PTFE) or PFA. The instrument has 15 a range of 0-2000 ppbv, a detection limit of 1 ppbv, and a linearity of 2% (as stated by the manufacturer).
Simulations comparison and results analysis
The 4 simulations described above are compared in order to understand the respective influence of soil NO x and LiNOx on ozone formation. The surface emissions are 20 presented first, then the modelling results are described, in terms of NO x and ozone concentrations, and compared to in situ measurements.
Comparison between biogenic NO emission maps
The majority of Chemistry Transport Models (CTM) use Yienger and Levy (1995) inventory to provide biogenic NO emissions from soils, However, some parts of the world, like West Africa, are poorly documented, and these emissions lead to an underestimation of concentrations in the lower troposphere (Jaeglé et al., 2005) . Figure 2 shows a comparison between biogenic NO emissions from Yienger and Levy (1995) , at monthly and 1
• /1 • resolution (Fig. 2a) in Fig. 2b and strong moisture in Fig. 2c . Indeed, mean surface moisture is stronger in the southern part of the domain where the vegetation is more dense and precipitation events more intense, implying stronger emissions for that part. In the northern part of the domain, emission is more linked to individual precipitation events, inducing intermittently stronger emissions of NO (red circles on Fig. 2b and 2c ). When surface 20 moisture decreases in the north, due to the drying of soils after the rain event, emissions decrease as well, whereas they remain stable in the south during the diurnal cycle because of the less fluctuant values of surface moisture. This moisture effect, connected to the latitudinal distribution of pH values, ( lower in the south, as shown in Fig. 1a ), reinforces the stronger emissions in the south.
25
Furthermore, strong emissions in the south are also linked to the sand percentage ( (which compares well with Ganzeveld et al. (2002) for the same region) a total emission of 0.08-0.6 TgN is calculated for 3 months of the rainy season over West Africa (with an estimated surface of 7800000 km 2 ). This result may be compared to the annual budget given by Yan et al. (2005) for the entire African continent: 1.373 TgN yr −1 . 
Canopy Reduction Factor
A part of the NO emission from soil is deposited onto plants in the form of NO 2 , this fraction depending on the vegetation density. A simple equation has been implemented in MesoNH-C, considering that CRF is a linear function of LAI (Leaf Area Index), derived from empirical relationships between LAI and NO emission (Yienger and Levy
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(1995) and references therein, Ganzeveld et al. (2002) . Some more complex relations have been developed for specific biomes (Ganzeveld et al., 2002 , at the global scale), based on turbulent conditions, diurnal/nocturnal cycle of the boundary layer, and stomatic and cuticular absorption of NO 2 onto leaf surface during night and day (Kirkman et al., 2002; Gut et al., 2002) . Ultimately, all these equations are closely linked to LAI, and 20 then to NO 2 deposition: a large part of the CRF is linked to the NO 2 photolysis attenuation below the canopy, and to the efficiency of the NO 2 deposition onto leaves. Our choice to simplify these equations leads of course to an approximation of emissions to the atmosphere, but the attenuation is almost 80% efficient in rain forests where the canopy is dense, which is not the case in our domain. In our simulation domain, the LAI does not exceed 3.5 m 2 m −2 , leading to a decrease in NO flux reaching 40% at the most. It is important to note here that this study is not focused on CRF parameterisation, hence our choice for a simple parameterisation. 15164
5 Short term impact of soil NO emissions on NO x and O 3 concentrations in the lower troposphere Figure 3 shows the comparison between the 4 simulations previously described, at 15:00 UTC between 0 and 2 km height, on a vertical cross section at 2 • E, from 21
to 5
• N. 15:00 UTC corresponds to the maximum diffusion of surface emitted species 5 due to the maximum development of the boundary layer. Note that the transect between 5 and 21
• N covers a large spectrum of vegetation, through mosaic forest, cropland, grassland and desert. YL95 inventory gives a larger magnitude of emissions, compared to the CTRL simulation which is only influenced by anthropogenic emissions (Fig. 3a, YL95 -CTRL), a broader distribution of emissions, and a larger impact on NO x concentrations (difference between the two simulations ranging from 50 ppt to 150 ppt). Figure 3b shows the concentration difference between SOILNOX and CTRL simulations, showing that the introduction of ANN on line emissions coupled with CRF increases the NO x concentrations in the lower troposphere (up to 450 ppt) stronger than the YL95 simulation does. The impact of ANN emissions (ALLNOX) compared 15 to YL95 emissions, is given in Fig. 3c (ALLNOX-YL95) , showing a difference in NO x concentrations up to 250 ppt.
As NO x is one of the principal precursors of tropospheric ozone, the impact of NO emissions from soils also has an influence on ozone concentration. Figure 4 shows ozone concentration differences between the 4 simulations. The difference between 20 no emissions and SOILNOX emissions (Fig. 4b) is obvious. The increase of ozone is simulated at all latitudes, showing that even a moderate increase in NO x concentration leads to dramatic changes in O 3 formation, which is characteristic of NO x -limited regime. The introduction of on line ANN NO emissions has a significant effect, with a large increase of O 3 concentrations near the surface and at higher altitude (up to 6 ppb 25 between 0 and 2 km). The increase is of the same order of magnitude as with YL95 emissions (Fig. 4a, YL95 -CTRL), but with a broader distribution in space. Comparison between YL95 and ALLNOX ( LiNOx production occurs where the convection is activated, at altitudes between 8 and 14 km. Lightning accounts for roughly only 15% of the NO x input to the troposphere (Bradshaw et al., 2000) , and is primarily found in the upper troposphere (Pickering et al., 1998) where its lifetime is longer and its ozone producing potential greater (Liu 5 et al., 1987; Pickering et al., 1990) than in the boundary layer. This is verified in our simulations, where the strongest increase in O 3 concentration occurs in the upper troposphere, as shown in Fig. 5 . The difference between SOILNOX (without LiNOx) and ALLNOX (with LiNOx) simulations gives the order of magnitude of NOx and ozone production associated with lightning at the beginning of the night (21:00 UTC), when the 10 effect of convection on chemistry is usually the strongest. NO x differences range from 0 to 2 ppb around 9-14 km altitude, whereas the maximum O 3 difference is situated around 6-8 km, and may reach 9 ppb.
Once produced inside the convective cloud, NO molecules are redistributed by updrafts and downdrafts. Ozone is also transported, which could explain why the max- 
Validation of simulation results with aircraft observations
The comparison between measurements and model is firstly made with the ALLNOX simulation. In order to find which one of the two methods of emission calculation gives the more realistic results in terms of NO x and O 3 atmospheric concentrations, ALLNOX and YL95 are finally compared. Figure 7 shows the NO x mixing ratio along the low level run of flight B227. It is worth noting that NO x mixing ratio decreases from 800 pptv in the south west to 200 pptv in the north east of Niamey. The highest NO x mixing ratios were observed over an area of moist soil that was wetted by the passing of a convective system on the 5 August (for 20 details see Stewart et al., this issue: Biogenic emissions of NO x from recently wetted soils over West Africa during the AMMA 2006 campaign). Meso-NH reproduced this convective system, such that an area of enhanced soil moisture is generated in generally the same region (Fig. 2c , red circle crossing the Niger-Mali border). As discussed above, the NO x emission from soils calculated with ANN responds to changes in soil 25 moisture (Fig. 2b) giving enhanced emissions over the wetted soil within the red circle. These enhanced emissions then lead to elevated concentrations of NO x (between 200 15167 and 250 ppt) in the lower layers of the model in the location of flight B227 (14) (15) (16) • N) as illustrated by the cross section along 4.5
• E (Fig. 8) . This demonstrates that the model is capturing the response of the soil to storm on the 5th August leading to enhanced concentrations of NO x in the boundary layer as observed during B227. Model results (Fig. 9) show NO x concentrations ranging mostly between 0 and 5 400 ppt in the whole simulation domain, (200-300 ppb in the north east of Niamey) at 200 m above ground level (corresponds to 450 m above sea level in the region of Niamey), while measurements during flight B227 (Fig. 7) range from 100 to 800 ppt (mostly between 100 and 400 ppt, average value = 285±152 ppt) between 15 and 17 • N. Roughly, the range of measured concentrations is reproduced by the model. Below 500 m, the model gives values in the range of measured data (Fig. 8) . With the exception of Lagos (7
• N), and north of the vegetated areas, there is a slight increasing gradient of NO x from south to north in measurements (Fig. 10 ) which is not found in the model (Fig. 8) . This could be due to several reasons: the pH effect on NO emissions 20 is overestimated in the south of the domain, and CRF effect is not strong enough, due to an underestimation of vegetation cover. Further work is planned on these two topics to improve the spatial repartition of NO fluxes. Above 500 m, and at the top of the boundary layer, model concentrations are representative of background concentrations and are far lower than measured values (25 ppt 25 in the model (Fig. 8) versus 200 ppt at 2000 m from the aircraft, not shown here). The enhanced mixing ratios simulated only below 500 m can be attributed to the inefficient response of the turbulent scheme to the enhanced soil humidity. Furthermore, a tongue of low NO x coming down around 14-17
• N seems to be driven by a strong descent of air from above. The underestimation above 500 m may be explained by the dynamics: slow vertical diffusion leads to the highest concentrations being in the boundary layer near the surface, with low concentrations (<25 ppt) higher in the boundary layer. The dynamical structure of the lower layers of the atmosphere is different in the model and from that observed. A mixed layer is retrieved in the data from surface up to 4000 m 5 (as stated by the B227 mission report), whereas the model shows a strong stratification between the boundary layer and the layer above. These differences in dynamical structures involve differences in the transport and mixing and processing of chemical species emitted at the surface. Further insight in the dynamical behaviour of the boundary layer for this particular episode is needed to improve the understanding of chemical 10 vertical distribution. Measured ozone concentrations range from 26 ppb in the south of the domain to 40 ppb in the north east of Niamey at 500 m height above sea level. This latitudinal gradient is correctly reproduced in the model (not shown here), with correct orders of magnitude (20 to 45 ppb from south to north). However, simulated O 3 mixing ratios 15 are slightly underestimated (34-35 ppb) in the north east of Niamey where the BAe 146 flew. These differences are consecutive to the differences in dynamical structures between model and measurements, as explained above. Figure 11 gives a more precise idea of the difference of impacts between YL95 and ALLNOX simulations, over the whole domain, at 200 m height above ground level 20 (∼450 m above sea level in the Niamey region). Differences in NO x concentrations at this altitude reaches 370 ppt (ALLNOX>YL95, Fig. 11a ), and ozone difference ranges between −2 and +7 ppb, with most being positive values (positive difference means that ALLNOX>YL95, Fig. 11b ). As a consequence, the ALLNOX simulation gives higher levels of ozone and NO x than the YL95 simulation. The ANN model is an im-25 provement on YL95, but there is still further work that can be done.
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Summary and conclusion
The influence of soil biogenic NO emissions on ozone and NO x concentrations over West Africa is assessed in the framework of the AMMA campaign. A specific algorithm of emission has been processed by a neural network, and has been inserted on-line into the model MesoNH-Chemistry. It is compared to the Yienger and Levy inven- These modelling results have been compared to measurements performed during the AMMA campaign between 5 and 17 August for NO x . ANN leads to enhanced fluxes over the wetted soils, as observed by the aircraft, and to enhanced NO x concentrations close to the surface (up to 200 m above ground level), in the range of measured data. A pretty good agreement has been found between modelled and measured con-25 centrations on the 6 August, where the model reproduces correctly the passing of a convective system and the observed resulting NO x enhancement. However, the spatial distribution of modelled NO x concentrations does not exactly correspond to the measured one: further insight in pH impact on NO emissions, and a correct estimate of vegetation cover in the south of the domain would certainly improve the spatial features of NO fluxes. Res., 100, 11 447-11 464. 1995 15157, 15161, 15162, 15163, 15164, 15170, 15177, 15179 15175 
